Introduction
Silver loaded zeolite materials have been considerable interest as for specific redox, optical, and catalytic properties [1] [2] [3] . Baba et al. found that catalytic activities of Ag + exchanged zeolites for ethylbenzene transformation [4] and but-1-ene isomerization [5] are enhanced by coexistence of H 2 in the reaction system. They also confirmed Ag 3 -H species in Ag + -A reduced with H 2 at 313 K, and the thermal stability depends on the degree of ion exchange [6] [7] [8] . Based on the split 1 H MAS NMR spectra, Baba et al. proposed that the hydride species consists of three equivalent Ag atoms or ions [6] [7] [8] ; however, the structural characterization has not been performed. It is well known that hydrogen treatment of Ag + exchanged zeolites above 573 K or the thermal evacuation produces silver cluster inside the pore [2] . In cases for A-type zeolite, for example, formation of Ag 6 3+ [9] or linear Ag 3 + [10] cluster was proposed. The three shell model (Ag-O x 2 + Ag-Ag) inside the NaA zeolite was also proposed [11, 12] . However, these models are not consistent with a triangle cluster model mentioned above. In the present study, Ag+ exchanged A and Y zeolite catalysts treated with the same procedure as the previous 1 H NMR study [6] [7] [8] were characterized by Ag K-edge XAFS and UV/VIS spectroscopic method to investigate the structure of silver cluster and the stability.
Experimental
Ag-A and Ag-Y zeolite samples were prepared from Na-A and Na-Y using a conventional ionexchange procedure with an aqueous solution of AgNO 3 at room temperature. The degrees of Ag + exchange were 60 and 100% for Na-A, and 50% for Na-Y, which were denoted hereafter as Ag(60)-A, Ag(100)-A and Ag(50)-Y. The Ag + -exchanged zeolite sample was heated up to 673 K under oxygen at a ramping rate of 0.3 K/min and calcined for 3 h, followed by evacuation at the same temperature for 2 h. The pretreated sample was exposed to 40 kPa of H 2 at 313, 393 or 473 K, transferred into a quartz UV-cell with the optical path length of 1 mm, and then sealed without exposure to the air. Xray absorption experiments were carried out on the BL01B1 at SPring-8 (Hyogo, Japan. Proposal no. 2000A0355). Ag K-edge X-ray absorption spectra were recorded in a transmission mode at room temperature using a Si(311) two-crystal monochromator. The EXAFS analysis was performed by a Rigaku REX2000 program. For a curve fitting analysis, the backscattering amplitude and the phase shift functions of Ag-O, Ag-Ag and Ag-Al/Si pairs were obtained from k 3 -weighted EXAFS spectra of Ag 2 O, Ag foil and CdS, respectively. Diffuse reflectance UV/VIS spectra were recorded with a Lambda-19 spectrometer (Perkin-Elmer) equipped with a reflectance spectroscopy accessory RSA-PE-19 (Labsphere). Because X-ray mass absorption coefficient of Si at Ag K-edge is as low as 2.0 cm 2 /g, Ag K-edge X-ray absorption spectra could be measured passing through the UV-VIS cell. Therefore, XAFS and UV-Vis spectra reflect on the same silver species. Figure 1 shows UV-Vis spectra of Ag-zeolites. Both of pretreated Ag-A with difference exchange degree possess large and wide absorption band below 450 nm. The apparent absorption edge for Ag(60)-A was shifted to longer wavelength by exposure of H 2 at 313 K. The reflectance in the range of 200-850 nm was scarce after H 2 treatment above 393 K. It has been reported that silver ion cluster (Ag n δ+ ; n = 3-8) and the metallic cluster possess an absorption band around 350 and 350-500 nm, respectively [13] [14] [15] . It shows that (1) silver ion cluster present in pretreated Ag(60)-A; (2) metallic cluster formed in the reduced one at 313 K; and (3) metallic particle formed above 393 K. A single absorption band at 224 nm was confirmed in pretreated Ag(50)-Y, which is characteristics to isolated Ag + species [15] . Hydrogen exposure at 313 K resulted in disappearance of the peak, and a new band papered around 346 nm. The wide-ranged absorption in the region of 500-850 nm was observed by H 2 treatment at 393 and 473 K as well, but the intensity was less than quarter of a peak around 350 nm. Figure 2 shows Ag-K edge XANES spectra of reference and catalyst samples. The energy of the first peak of pretreated samples were different from those for Ag 2 O and Ag foil. The shape of Ag(60)-A treated above 393 K changed to be resemble to that of Ag foil. In cases for Ag(50)-Y, little changes in configuration of the XANES spectra were confirmed up to 473 K. Figure 3 shows Fourier transforms of k 3 -weighted EXAFS spectra. All of the radial structure functions (RSFs) pretreated at 673 K possessed two peaks at around 1.7 and 2.8 Å. The exposure of H 2 at 313 K to Ag(60)-A resulted in growth of additional peak around 2.5 Å. The first peak below 2 Å disappeared for Ag(60)-A treated above 393 K and Ag(100)-A treated at 313 K, but remained in Ag(50)-Y reduced at 473 K.
Results and discussion

Figure 1. Diffuse reflectance UV/VIS spectra of (A) Ag-A and (B)
Ag-Y. Ag(60)-A pretreated (a), exposed to H 2 at 313 K for 10 min (b), 393 K for 7 min (c), and 473 K for 5 min (d); Ag(100)-A pretreated (e), and exposed to H 2 at 313 K for 15 min (f); Ag(50)-Y pretreated (g), and exposed to H 2 at 313 K for 60 min (h), 393 K for 20 min (i) and 473 K for 15 min (j). The degree of Ag + reduction was constant at ca. 20% controlled by changing of the exposure time. Samples were not diluted. , Ag(60)-A pretreated (c), exposed to H 2 at 313 (d), 393 (e) and 473 K (f), Ag(100)-A pretreated (g) and exposed to H 2 at 313 (h), Ag(50)-Y pretreated (i), and exposed o H 2 at 313 (j), 393 (k) and 473 K (l). Ag-Ag 4.5 ± 0.9 2.77 ± 0.01 5.9 ± 0.3 3.0 Table 1 summarizes results of the curve-fitting analysis. Note that the present silver species supposed to be not uniform because the degree of Ag + reduction was controlled to be ca. 20%, the degree of which is the same as for previous 1 H NMR study [6, 8] . Baba et al. have reported that reversible interconversion between Ag + and silver metal particle occurs in Ag-Y when the reduction degree is as low as 19% [16] . Therefore, evaluated coordination number in Table 1 is not so significant, and we will consider the inter-atomic distance of Ag-Ag pair and existence of Ag-Al/Si pair. Three kinds of scatters (Ag-O, Ag-Ag, and Ag-Al/Si) were confirmed for Ag(60)-A exposed to H 2 at 313 K. The evaluated inter-atomic distance for Ag-Ag pair (2.75 Å) was shorter than that of Ag foil (2.89 Å), those of other models proposed such as linear Ag 3 + (2.95-3.17 Å) [10] , Ag 6 3+ (2.92-2.94 Å) [9] cluster, and three shell models (2.81-2.88 Å) [11, 12] ; but was similar to that of Ag 4 δ+ cluster in ZSM-5 [17] . UV-Vis and XANES spectra for Ag(60)-A reduced at 313 K, and this evaluated short Ag-Ag inter-atomic distance suggest the formation of non-linear Ag cationic cluster. Discrepancy of this cluster structure in Ag-A with other research groups might result from our mild reduction condition, that is, Ag(60)-A was reduced at 313 K and the degree of reduction was 20%. Besides large Ag cluster and/or particle formed in Ag(60)-A reduced at 473 K and Ag(100)-A reduced at 313 K. The Ag + species was predominant in pretreated Ag(50)-Y sample, which transformed to silver ion cluster by hydrogen treatment at 313 K. The three shell structure (Ag-O, Ag-Ag, and Ag-Al/Si) was maintained in Ag(50)-Y even after hydrogen treatment at 473 K. Metallic particle should be formed in Ag(50)-Y by hydrogen treatment above 393 K; however, silver ion cluster was predominant even after H 2 treatment at 473 K. Note that Ag-O distance for each Ag-zeolite samples was longer than that of Ag 2 O (2.05 Å) as same as previous XAFS studies of Ag-zeolites [11, 12, 18, 19] .
We conclude here that silver cluster was formed in Ag-A and Ag-Y by exposure of hydrogen at 313 K and the order of thermal stability of silver cluster are as follows: Ag(50%)-Y > Ag(60%)-A > Ag(100%)-A. Aggregation of silver cluster would result in disappearance of Ag n -H species. As a result, the order of thermal stability of silver cluster was consistent with the previous 1 H NMR study for stability of chemisorbed hydrogen species [8] .
